1 architecture associated with cultured pearl quality traits in the pearl 2 oyster, Pinctada margaritifera 3 Abstract 17 Background 18 Cultured pearls are unique gems produced by living organisms, mainly molluscs of the 19
complex mechanisms related to nacre and pearl formation is essential and can now be 23 approached through the use of massive parallel sequencing technologies. The aim of this 24 study was to use RNA-seq to compare whole transcriptome expression of pearl sacs that 25 had producing pearls with high and low quality. For this purpose, a comprehensive 26 reference transcriptome of P. margaritifera was built based on multi-tissue sampling 27 (mantle, gonad, whole animal), including different living stages (juvenile, adults) and 28 phenotypes (colour morphotypes, sex). 29
Results 30
Strikingly, few genes were found to be up-regulated for high quality pearls (n = 16) 31 compared to the up-regulated genes in low quality pearls (n = 246). Biomineralization 32 genes up-regulated in low quality pearls were specific to prismatic and prism-nacre 33 layers. Alternative splicing was further identified in several key biomineralization genes 34 based on a recent P. margaritifera draft genome. 35
Conclusion 36
This study lifts the veil on the multi-level regulation of biomineralization genes 37 associated with pearl quality determination. 38 3 Background 39 The mollusc Pinctada margaritifera var. Cumingii is a species of great economic importance 40 in French Polynesia. The associated pearl industry represents the second most important 41 source of income there, just after tourism. Cultured pearl production requires two distinct 42 animals. A small piece of graft mantle tissue is dissected from a sacrificed donor oyster and 43 inserted with a round bead of nacre (a nucleus, made of mussel shell) into the gonad of a 44 recipient oyster [1, 2] . If the graft is not rejected and the recipient oyster survives the grafting 45 operation, the implanted mantle tissue will grow to completely surround the nucleus and form 46 a "pearl sac", capable of secreting biomaterial layers (calcite and aragonite) around the 47 nucleus [3] . After 15 to 24 months of culture, pearls are harvested and usually sorted 48 according to six main quality traits: size, shape, colour, surface complexion, lustre and grade 49
[4]. It is estimated, however, that only 5% of the harvested pearls can be classified as grade A, 50 which corresponds to the best quality according to the local regulatory quality standards [5] . 51
Average export price of cultured pearls in French Polynesia has fallen dramatically over the 52 past decade, mainly due to a combination of factors including overproduction; hence quantity 53 has been favoured to the detriment of quality. The improvement of cultured pearl quality is an 54 imperative aspect of a pearl farm's sustainability and as one of the biggest challenges that 55 research is facing in French Polynesia. 56 Factors affecting pearl quality have diverse and non-exclusive origins including 57 genetics, environment and/or genotype-by-environment interaction (GEI). This is 58 further complexified in the Pinctada transplant model because of the phenotype 59 transmission from the donor oyster to the recipient oyster, their interplay, and their 60 interaction with the environment. One particularity of this animal model is the chimera system 61 attributed to the pearl sac tissue, whose interaction between GenomeDonor x GenomeHost has controlled bi-parental crosses and the F1 generation, demonstrated heritability (h 2 from 64 0.21 to 0.37) for nacre weight and thickness, pigmentation darkness and colour, surface 65 defects and grade, signifying a donor oyster effect with a genetic basis, although there 66 were also important interaction components [6] . Previous studies reported that 67 using a suppressive and subtractive hybridization (SSH) method. In silver-lipped oyster 76 (Pinctada maxima), genetic association analyses has permitted the identification of QTLs 77 linked to pearl surface complexion and colour as well as genetic associations of regions 78 and markers for pearl size, weight, colour and surface complexion [19, 20] . 79
Transcriptome-wide and proteomic approaches have also been used to characterize the 80 pool of genes expressed during pearl formation and to discriminate markers 81 preferentially associated with nacreous and/or prismatic layers. Studies in the Japanese 82 pearl oyster (Pinctada fucata) showed that the genes msi60 and aspein from the mantle 83 tissue were up-regulated in low quality pearls compared to high quality groups, while 84 the expression of the msi30 gene from the pearl sac tissue was up-regulated in high 85 quality pearls [21, 22] . Finally, a recent study on P. margaritifera revealed that 86 shematrin5 and 9, prismalin and aspein encoding genes were up-regulated in the pearl 87 sacs of individuals producing low pearl surface quality [23] . Studies have been limited to 88 relatively few candidate genes, however, and an overall evaluation of the actors involved 89 in pearl quality remains to be conducted. 90
The aim of our present study was to identify key genes involved in the regulation 91 of pearl quality through a comparative RNA-seq analysis of pearl sacs producing high 92 and low quality cultured pearls. We constructed a new comprehensive multi-tissue 93 transcriptome assembly, covering several developmental stages, colour morphotypes 94 and tissue origins, which will be useful for further transcriptomic studies in P. 95 margaritifera. Furthermore, based on a recently assembled draft genome of P. 96 margaritifera, we successfully explored the possibility that alternative gene splicing 97 events are involved in the regulation of biomineralization processes. 98
Results

99
Transcriptome assembly. The raw transcriptome assembly contained 541,184 100 transcripts. After filtering for redundancy and functionality, we retained a total of 101 41,075 transcripts (assembly metrics given in Table 2 ). Transcriptome completeness 102 evaluation indicated that 90.6 % of the highly conserved single-copy metazoan genes (n 103 = 978) were present in our transcriptome (89.8 % are complete and in a single-copy). 104
Similarly, mean mapping rate reached 66.31 ± 1.72 % with negligible differences in 105 sample condition. Both the transcriptome completeness and satisfactory mapping rate 106 suggest that the several steps of filtering applied did not have major impact on the 107 overall transcriptome. Functional annotation identified a total of 33,532 transcripts 108 (81.5%) with at least one match with deposited sequences (Table 2) . 109
Differential expression in biomineralization-related genes. We found a total of 262 110 differentially expressed genes (DEGs), with 246 up-and 16 down-regulated genes in low 111 quality pearls (Table S3 ). Out of the 262 DEGs, 216 (82.24%) had at least one match with 6 known protein sequences (Table S3 ). Finally, only 114 of the DEGs (43.5 %) had at least 113 one associated GO term. GO analysis revealed enrichment for some relevant functions 114 involved in pearl formation, including oxidoreductase activity (GO:0016491), peptidase 115 inhibitor activity (GO:0030414), serine-type peptidase activity (GO:0008236), chitin 116 binding (GO:0008061) and copper ion binding (GO:0005507). The GO enrichment 117 analysis is summarized in Figure S1 . 118
We identified several biomineralization genes discriminating high and low 119 quality pearls ( Figure 3 ; Table S3 ). Most of these genes are characteristic of prismatic 120 and prism-nacre layers [24] and were found up-regulated in low quality pearls. The blue 121 mussel shell protein-like (BMSP-like) coding gene is the single biomineralization gene 122 up-regulated in high quality pearls. BMSP-like shares strong homology with the P. fucata 123 pif-177 gene and is notably involved in determining the polymorph of CaCO3 [25] . We 124 also identified Gypsy and Jockey-family transposable elements up-regulated in high 125 quality pearls (Table S3 ). The qPCR analysis shows that the individual relative 126 expression of the four biomineralization-related genes analysed is in accordance with 127 results from pool RNA-seq data ( Figure S2 ). We found the MP10, shematrin-9 and aspein 128 up-regulated in low quality pearls (p-value < 0.001) while no significant difference was 129 observed for pif-177 (p-value = 0.012). 130 Different alternative splicing in biomineralization-related genes. We found a total 131 of 28 transcripts showing significant differential splicing (FDR < 0.001) ( Figure 4 ). 132
Several of these genes are known to be involved in biomineralization processes: pif, The present study showed that neither pif nor pif-177 were differentially expressed 189 between high and low pearl quality despite these genes having already been correlated 
Conclusions 234
This study successfully made it possible to: 1) identify genes whose expression in pearl 235 sacs was associated with cultured pearl quality in P. margaritifera, and 2) highlight other 236 putative regulation levels for pearl quality determination through alternative splicing 237 and TE regulation. Among the genes differentially expressed, new candidates were 238 identified for pearl quality (perlwapin, BMSP-like), as were previously described 239 biomarkers (aspein and shematrin-9). The present study also showed, however, that in such a way as to remove the pearl, which was then placed in a numbered box for 310 traceability. The pearl sac was kept in a 2.0 ml tube with RNAlater until RNA extraction. 311 A total of 442 pearl sacs were sampled (73.6% of the total number of oysters grafted). 312
This pearl harvest rate represents the production yield, as nucleus rejection and 313 mortality were observed over the entire culture time [66] . 314
Cultured pearl grade was evaluated as described in [67] . The pearls were cleaned 315 by ultrasonication in soapy water (hand washing) with a LEO 801 laboratory cleaner (2 316 L capacity, 80 W, 46 kHz); they were then rinsed in distilled water. To ensure 317 homogeneity in parameter assessment, all evaluations were made visually (no 318 magnification devices were used) by the same professional operator. Cultured pearl 319 grade is made up of two components: surface defects and lustre. When pearls are 320 graded, the appearance of their surface is evaluated. The degree of imperfection is 321 correlated with the number of defects (i.e. smooth surface vs. one or more spots). For the 322 grade classification, high pearl quality corresponds to grades of C and above, and low 323 quality to D1 and D2 grades (Figure 1 ). From the high and low quality pearls, twenty 324 pearl sacs from each group that had produced only green pearls were randomly 325 selected. Overall, high quality pearls were significantly heavier, with a thicker nacre 326 layer than the low quality pearls (t-test; p-value < 0.05). Our sampling included 10 327 donors equally allocated between several pools (either low or high pearl quality, as 328 illustrated in Figure 1 of a cDNA to ensure that E ranged from 90 to 110%. The primers used for amplification 378 are listed in Table S2 . Wilcoxon non-parametric tests were used to compare relative expression between conditions, differences were considered significant when p-value < 380 0.01. This complete list of primers is given in the supplementary file (Table S3) . 381
Alternative gene splicing and exon usage. To detect putative differential splicing 382 variants, the reads were mapped on the scaffolds of the assembled draft genome, 383 available for P. margaritifera. To reduce non-biological redundancy inherent to the 384 current assembly state of the genome, only scaffolds with length >3,000 bp were used 385 for the mapping. From the 757,552 scaffolds initial set, only the 32,705 longest scaffolds 386 were retained for downstream analysis, on which 37,662 (92.7%) of the transcripts in 387 our set could be positioned using the GMAP v2017-03-17 aligner with the default 388 parameters for annotation [78] . Reads were mapped on the filtered reference genome 389 using GSNAP v2017-03-17 aligner allowing five mismatches, splicing and using the 390 Asterisks indicate genes for which multiple isoforms were reported in the transcriptome 433
assembly. For each of these genes at least one of the isoforms was differentially 434 expressed. 435 
